ABSTRACT
Macrophage cells within inflammatory lesions are exposed to a wide range of degrading and cytotoxic molecules including reactive oxygen species. Unlike neutrophils, macrophages do not normally die in this environment but continue to generate oxidants, phagocytose cellular remains, and release a range of cytoactive agents which modulate the immune response. It is this potential of the macrophage cell to survive in an oxidative environment that allows the growth and complexity of advanced atherosclerotic plaques. This review will examine the oxidants encountered by macrophages within an atherosclerotic plaque and describe some of the potential antioxidant mechanisms which enable macrophages to function within inflammatory lesions. Ascorbate, α-tocopherol, and glutathione appear to be central to the protection of macrophages yet additional antioxidant mechanisms appear to be involved. γ-Interferon causes macrophages to generate 7,8-dihydroneopterin/neopterin and 3-hydroxyanthranilic acid both of which have antioxidant properties. Manganese superoxide dismutase is also upregulated in macrophages. The evidence that these antioxidants provide further protection, so allowing the macrophage cells to survive within sites of chronic inflammation such as atherosclerotic plaques, will be described.
INTRODUCTION
Macrophages function within the hostile environment of inflammatory lesions. As such they are exposed to a range of immune cell generated reactive oxidants which cause cellular damage and death. Atherosclerotic plaques are sites of chronic inflammation where macrophages play a key role in the pathological progression of the disease (1) . The oxidants superoxide, hydrogen peroxide, hypochlorite, and hydroperoxides are all present within atherosclerotic plaques and are possibly generated by the macrophages. These reactive oxygen species (ROS) readily kill cells and will kill macrophage cells at elevated concentrations. Oxidation of proteins and lipids within the artery wall also creates secondary cytotoxic agents which, due to their stability and abundance, may eventually trigger macrophage cell death. The most significant of these secondary agents appears to be oxidized low density lipoprotein (oxLDL). OxLDL has been shown to be highly cytotoxic to a range of cells, including macrophages (2) .
The oxidation of low density lipoprotein (LDL) to oxLDL and its subsequent uptake by macrophages to form relatively stable lipid loaded "foam cells" has been cited as a key process in plaque development (3) . The macrophage foam cells appear to make up a significant portion of an atherosclerotic plaque. As a result, the mechanism of LDL oxidation has been the focus of much research and argument. The failure of key dietary antioxidant supplementation studies to improve clinical outcomes in vascular disease has presented a major challenge to the oxidative model of vascular disease, especially the hypothesis that oxLDL formation is a major driver in initial development of the plaques (4-7). Yet oxLDL is found within atherosclerotic plaque and its cytotoxic properties strongly suggest to us that though oxLDL may possibly not be a significant factor in initial plaque formation, its presence will promote formation of a complex plaque by initiating macrophage cell death. A better knowledge of the process that prevents oxidantinduced death of macrophages is crucial to understanding complex plaque formation and stability. In this review we will explore the nature of the oxidative environment within an atherosclerotic plaque and the effect of these oxidants on macrophages. We then look at some possible antioxidant mechanisms operating within macrophages to ensure their survival.
PLAQUE OXIDANTS
Analysis of atherosclerotic plaques show that they are rich in products of oxidative damage. Hydroxylated fatty acid and oxysterols have been well characterized as well as a range of protein oxidation products. Much of the research emphasis has been on lipid oxidation products due to the high level of cholesterylesters found within plaques.
The majority of the cholesterol esters appear to originate from cholesterol ester rich LDL particles which enter into the artery wall from the plasma. A high percentage of these cholesterol esters are esterified with polyunsaturated fatty acid (PUFA) which readily oxidizes to hydroperoxides in a lipid peroxyl radical mediated chain reaction (8). Lipid peroxyl radicals, when formed by a variety of oxidative and free radical based mechanisms, can abstract hydrogen atoms from surrounding PUFAs, generating more lipid peroxyl radicals and lipid hydroperoxides (9). In the presence of trace amounts of iron or copper ions, lipid hydroperoxides break down to an enormous range of products including cytotoxic oxysterols, pro-inflammatory isoprostanes and lipid aldehydes which rapidly react with proteins causing disruption to cell function. In addition to these lipid oxidation products, protein bound-DOPA (3,4-dihydroxyphenylalanine), 3-chlorotyrosine, dityrosine, protein carbonyls and protein hydroperoxides have also been identified within plaques (10-12). Of particular interest is protein bound DOPA (PB-DOPA) and protein hydroperoxides which, unlike other protein oxidation products, can initiate further oxidative damage (13) . PB-DOPA is formed by hydroxyl radical and hypochlorous acid attack on tyrosine residues within protein (14, 15) . Copper mediated LDL oxidation also generates PB-DOPA (16) . Copper and iron ions are readily reduced by PB-DOPA enhancing metal catalyzed radical formation via the Fenton reaction. PB-DOPA can significantly amplify initial oxidant production as well as diffusing to other locations, transporting the oxidative stress with it (13, 17, 18) . Protein hydroperoxides are the main primary products of hydroxyl radical and peroxyl radical reactions with proteins (19, 20) . They have been observed to form on living cells, lipoproteins and a range of proteins (16, 21, 22) . Though relatively stable, they readily react with ascorbate (Vitamin C) and glutathione (GSH), depleting cellular or extracellular antioxidant pools (13) . The stability of the protein hydroperoxides suggests that the reported inhibition of caspase-3, a key effector caspase during apoptosis, by tryptophan and tyrosine hydroperoxides may also occur in vivo during oxidative stress (23) . The ability to react with and cross-link DNA also suggests protein hydroperoxides as a major source of DNA damage and mutation (24) .
Transition metal ions catalyze the breakdown of protein hydroperoxides as well as lipid hydroperoxides via protein peroxyl/alkoxyl free radical intermediates which may trigger further oxidative events (25) such as the oxidation of DNA (26) . Unlike reactive lipid aldehydes, the protein carbonyls formed from protein hydroperoxide breakdown are relatively unreactive leaving the cell to remove them by proteolysis.
All these oxidative products appear to be the result of oxidant generating inflammatory cells within the plaque (Figure 1 ).
Activated macrophages release significant amounts of superoxide which, though not very reactive in itself, dismutates to hydrogen peroxide. Hydrogen peroxide can react with reduced transition metal ions in a reaction known as the Fenton reaction, which generates the extremely reactive hydroxyl radical (
• OH). Atherosclerotic plaques contain high levels of redox active copper and iron ions which can catalyze these reactions (27, 28) . Reduced copper and iron ions also catalyze the oxidation of lipid PUFA so initiating lipid oxidation reactions on LDL found within plaques. These reactions generate significant amounts of lipid and protein hydroperoxides. Ferrous ions will also generate lipid hydroperoxides directly on the cell membrane of macrophage cells adding further oxidative stress (29, 30).
These reactions in vitro have been shown to be significantly enhanced by the release of reducing agents by macrophages. In tissue culture, macrophages release reduced thiols and directly reduce iron and copper by the action of a transplasma membrane electron transport system which transfers electrons from the NAD (P)H to external electron acceptors such as ferric and cupric ions (31, 32). So, in addition to superoxide, macrophages can further potentiate oxidative stress by enhancing the Fenton reaction through metal ion reduction.
Myeloperoxidase (MPO) and chlorotyrosine have also been detected within plaques (12, 33) . Though made in low yields, chlorotyrosine is a very stable marker of hypochlorous acid reacting with protein tyrosine residues. The reaction also generates protein bound DOPA and dityrosine (15, 34) . Hypochlorous acid (HOCl) is formed by the enzymatic action of MPO on hydrogen peroxide and chloride ions.
Traditionally neutrophils have been considered the major source of this enzyme but macrophages within plaques have also been shown to release active MPO (35). HOCl also has the potential to diffuse through the plasma membrane and cause direct damage to cytosolic components (36).
Nitric oxide and peroxynitrite have also been implicated in the initiation of plaque growth as they are released from the endothelial cells of the artery wall (37). The ability of macrophages to generate nitric oxide has been highly controversial as human macrophages appear to be unable to synthesis significant levels of the iNOS cofactor 5,6,7,8-tetrahydrobiopterin, resulting in little or no nitric oxide generation (38, 39). However, there is a significant number of studies which have shown that macrophages taken from patients do release nitric oxide (40). We are therefore uncertain how important nitric oxide induced oxidative damage is to macrophages, though macrophages have been shown to be sensitive to these oxidants (41). In monocytes, the S-nitrosylation of key thiols within caspase-3 inhibits apoptosis promoting cell survival (42). This maybe a critical step promoting the collection and differentiation of monocyte/macrophages within the plaque.
Much of the research in this area has focused on identifying the primary oxidative events occurring within the plaque, yet the sum of the data strongly suggests that there is no single primary radical event. Metal catalyzed oxidation, cell-derived oxidants, MPO generated hypochlorite, lipid and protein peroxyl radicals are all present within the plaque and contribute to the overall oxidative stress as summarized in Figure 1 . It is within this hostile environment that macrophages must function.
OXIDANT DAMAGE AND MACROPHAGE CELL DEATH
Free radicals and oxidants will kill any cell eventually if enough damage is inflicted on the cellular structure and machinery. In extreme oxidative stress, cellular death results from loss of the barrier function of plasma membranes and inactivation of key metabolic enzymes leading to the total failure of the cell (43-46).
Originally DNA was considered the major target of free radicals and oxidants, but it is now realized that with only 2% of the total cell dry mass comprising of DNA, and proteins making up 50% of the mass, there is very little direct DNA damage from external oxidants (20, 47) . Cellular proteins, which make up the majority of a cells components, are therefore the primary target of free radicals (47) .
Oxidation of the amino acid residues within enzymes causes inactivation through oxidative derivatization of active site amino acid groups, loss of enzyme shape due to peptide cleavage, or changes in polarity (23, (48) (49) (50) . These reactions also occur on receptors with oxidative damage causing the loss of ligand binding or phosphorylation sites (51) (52) (53) (54) . The loss of plasma membrane ion channel function through protein oxidation causes the influx of calcium ions, osmotic cell swelling, and the activation of calcium dependent proteases, triggering both necrotic and apoptotic cell death mechanisms (55) (56) (57) . If protein damage is extensive enough, the cell may no longer be able to function or even react fast enough to oxidative stress. Key apoptotic enzymes may be denatured and the cell's ability to generate ATP lost, causing the cell to decay into a necrotic, uncontrolled failure and death.
At lower oxidant levels, the mechanisms triggering cell death are far more subtle, with many cells appearing to be programmed to die through apoptosis when only minor oxidative damage occurs within the cell. There is considerable discussion about whether at these lower levels of oxidative damage, the oxidants are acting as a type of intracellular signal to trigger apoptosis or whether the oxidant damage is itself the trigger of cell death (58) (59) (60) . Though the hypothesis of reactive oxygen species acting as intracellular messenger molecules may be (71) and concentration is given in total mass (154) . After 24 hours the untreated cells (A) look normal, while the cells exposed to 1.5 mg/ml oxLDL (B) show loss of membrane integrity, cell lysis, and blebbing with the cytoplasm full of lipid filled endosomes. After 24 hours incubated with 1.5 mg/ml oxLDL or greater, there is a metabolic loss in cell viability (C) measured by the cells' ability to reduce MTT with NAD (P)H dependent reductases (155) . No significant increase in caspase-3 enzyme activity (D) was detected by measuring the cleavage of Ac-DEVD-AMC (107), nor was there any conversion of the pro-caspase-3 to its active 17 kDa forms visualized by immune blotting with a mouse monoclonal caspase-3 antibody (E-8) (Santa Cruz Biotechnology Inc., USA) of an SDS-PAGE electrophoresis of cell homogenates consisting of; lane 1, Jurkat cells treated with anti-Fas antibody at 200 ng/ml for 2hours, Lines 2-6 human macrophages treated with 0 (lane 2), 0.5 mg/ml (lane 3), 1.5 mg/ml (lane 4), or 3.0 mg/ml oxLDL (lane 5) for 24hours, or antiFas antibody at 200 ng/ml for 22 hours (lane 6). The 32 kDa band for pro-caspase-3 is overexposed to enable visualization of the 17 KDal active form.
attractive, until the molecular switches or receptors involved are identified, it is difficult to distinguish between these two mechanisms.
What happens with macrophages during oxidative stress is not completely clear as the cells' sensitivity and response to oxidants is dependent on the type or source of macrophages under study as well as the oxidants used. Reported research has generally used the monocyte-like human leukemia derived cells lines THP-1 or U937; mouse macrophage-like Raw 264.7 cells, J774 cells, or mouse peritoneal macrophages. The number of oxidant studies on actual human-blood derived monocytes and human monocyte-derived macrophages (HMDM) is surprising low in comparison. The difference between these different cell lines can be striking.
Protein oxidation predominates over lipid oxidation in U937 and THP-1 exposed to peroxyl or hydroxyl radicals (21, 22, 47) , but in cholesterol ester rich HMDM cells, peroxyl radicals, generate predominately lipid hydroperoxides with very little protein oxidation occurring (61). There appears to be enough PUFA within the HMDM cells to sustain a lipid oxidation chain reaction, while in THP-1 and U937 cells, the PUFA content is too low to sustain a significant lipid peroxidation reaction and the peroxyl radicals are rapidly scavenged by the cellular proteins.
This variation in cellular response is even more striking with oxLDL which causes a caspase-3-dependent apoptosis in THP-1 cells, while with U937, a necrotic death occurs with the loss of intracellular GSH, caspase inhibition, and cell swelling (62) . With HMDM cells, oxLDL has been reported to induce caspase-3 activation (63) though cell death was not dependent on this activation (64) . However, in our laboratory we have repeatedly failed to see any oxLDL induced caspase activation in HMDM cells either by immunoblotting for active caspase-3 or measurement of caspase enzyme activity (Figure 2 ). These differences may be due to variation in oxLDL preparations giving variable amounts of cytotoxic lipids (65), or changes to the oxidant generated oxLDL ligands to which the different scavenger receptors may bind, changing the The resulting ascorbate radical is "recycled" back to ascorbate by the reaction with glutathione (GSH). GSH reacts with hypochlorite (HOCl), peroxyl radicals and hydroperoxides by both enzymatic and non-enzymatic mechanisms. GSH also maintains various proteins in a reduced state. The oxidised GSH (GSSG) is converted back to GSH by the action of GSH reductase using NADPH.
response to oxLDL (66).
Minor variations in the purification protocol for HMDM cell preparation will alter cellular antioxidant mechanisms or change the balance of scavenger receptors (67). For example CD36 uptake of oxLDL appears to favor caspase initiated apoptosis (63) while the class A macrophage scavenger receptor may promote foam cell formation (68, 69). Which receptors are present, and a difference in the receptors which the oxLDL binds to will alter the cellular response observed.
How oxLDL actually causes macrophage death in vitro is unclear, especially as heavily oxidized LDL is relatively unreactive. OxLDL is traditionally prepared by 24 hours incubation with copper chloride or sulphate (2, 70, 71) . Cell mediated LDL oxidation is metal ion dependent and redox active metal ions are present with atherosclerotic plaques (27, 28, 72) . After 24 hours with copper ions all the LDL PUFAs have oxidized to hydroperoxides before breaking down to various aldehydes, ketones, and secondary alcohols. The reactive aldehydes (HNE, MDA) have reacted with and derivatised the apoB100, whose protein hydroperoxides have also broken down to various unreactive amino acid derivatives. OxLDL is readily taken up by macrophages but at higher concentrations it triggers a cell death process that centers on the mitochondria with the release of cytochrome c (73, 74) and the loss of mitochondrial membrane potential (64) . One of the early events observed during oxLDL induced macrophage death is intracellular oxidant production (69, 75) and GSH loss (76) . Whether GSH loss is the cause or the consequence of oxidant production is unclear but the fall in cellular redox potential should reduce the stability of redox sensitive thiol dependent enzymes, a number of which are found in the key glycolytic and Krebs cycle pathways. Cytochrome c release and mitochondrial dysfunction through membrane pore formation may also be a source of oxidative stress.
Oxysterols have been cited as the main cytotoxic agent within oxLDL (77) . Though not all oxysterols are cytotoxic, 7-ketocholesterol, a significant product of advanced LDL of oxidation (65), has been shown to modify lipid raft domains in THP-1 cells causing an increase in cytosolic calcium and activation of calcium dependent proteases (57). 7-Ketocholesterol, also initiates oxidative stress in mouse macrophage J774A.1 cells through the activation of NADPH oxidase; a possible source of oxLDL induced oxidative stress (78) .
Though oxLDL appears to be the main cytotoxic agent present in the plaques, the extreme reactivity of HOCl must also be considered. HOCl rapidly causes loss of plasma membrane function followed by inactivation of cellular enzymes within the cytosol of murine macrophagelike P388D1 cells (79) . The reaction with proteins is very rapid with the amino residues cysteine, methionine, disulfide bonds, tryptophan, α-amino, lysine and tyrosine being preferential targets in that order (80) . Like hydroxyl and peroxyl radicals, HOCl causes loss of cell viability through the destruction of the cellular machinery (81, 82) . As it is generated in significant quantities during both chronic and acute inflammation, it is a major source of oxidative stress to cells and needs to be mitigated by macrophages within the inflammatory site.
ANTIOXIDANTS VITAMIN C, E, AND GSH
Ascorbate (vitamin C) is one of the main watersoluble antioxidants in extracellular and intracellular fluids. It is present in plasma at concentrations of about 43 µM and can be increased to about 59 µM by supplementation (6). The concentration of ascorbate inside cells is usually much higher and can be several millimolar (83) . Ascorbate scavenges hydroxyl, superoxide, glutathionyl and urate radicals, aqueous peroxyl and alkoxyl radicals, and also singlet oxygen (84) . It can also recycle α-tocopheroxyl radicals back to α-tocopherol, including those in LDL (Figure 3 ) (85) . Ascorbate also breaks down protein hydroperoxides to the unreactive hydroxylated amino acid residues (13) . Ascorbate therefore has an important role inhibiting oxidative damage in vivo.
Ascorbate also inhibits copper or cellularmediated LDL oxidation, potentially lowering the concentration of oxLDL within plaque (86) (87) (88) (89) . It has been reported that one mechanism where ascorbate protects LDL from oxidation involves the conversion of ascorbate to dehydroascorbate which can modify histidine residues on apoB-100. The resulting 2-oxo-histidine residues do not bind redox active copper ions so preventing LDL oxidation (87, 90) . Ascorbate can also be a pro-oxidant, because it reduces iron and copper ions to their more active lower valency states, which can rapidly decompose lipid hydroperoxides into lipid radicals. Ascorbate can therefore increase the rate of oxidation of partially oxidised LDL containing pre-existing lipid hydroperoxides (89, 91) . Consequently, ascorbate can have a 'Jekyll and Hyde' effect on oxidation of native or partially oxidised LDL. As well as affecting the oxidation of LDL, ascorbate can also affect the way cells respond to oxidised LDL. It should be noted that cells in culture are often deficient in ascorbate and adding ascorbate at physiological concentrations can increase the intracellular concentrations of ascorbate many fold, up to about 10 mM (92, 93) . Apoptosis of human umbilical artery smooth muscle cells induced by oxidised LDL with a high content of hydroperoxides or by a fatty acid hydroperoxide is decreased greatly by pre-incubation of the cells with ascorbate at physiological concentrations (94) . Ascorbate may protect smooth muscle cells from death in atherosclerotic lesions and help maintain the stability of these lesions. Remarkably, ascorbate did not protect against apoptosis induced by oxidised LDL in macrophages, but produced a modest increase in apoptosis (92) . This was not due to a pro-oxidant effect of ascorbate in the cells because the oxidised LDL-induced increase in the levels of heme oxygenase-1 were prevented by pretreatment with ascorbate. It appeared that ascorbate was protecting the cells effectively against the oxidative stress induced by oxidised LDL. The modest increase in apoptosis may possibly have been due to a protection of the apoptotic machinery by ascorbate, as proposed by Vissers et al. (95) .
OxLDL increases the level of the major intracellular antioxidant GSH in macrophages (96) and human umbilical artery smooth muscle cells (97) and increases the uptake of the GSH precursor L-cystine by the transporter x c - (97) . The increase in GSH was prevented by pre-incubation with physiological concentrations of ascorbate, presumably because the ascorbate protected the cells from the oxidative stress induced by the oxidised LDL (97) . Ascorbate also decreases HOCl-induced DNA base and protein damage in smooth muscle cells (98) . α-Tocopherol (vitamin E) is probably the most important lipophylic antioxidant in biological systems and has been the subject of many reviews with much debate. α-Tocopherol rapidly reacts with and neutralizes lipid peroxyl radicals, inhibiting the propagation of lipid peroxidation reactions (9). This reaction has been well characterized in LDL, where the high concentration of PUFAs provide a highly oxidative environment as described in section 3 of this review. At the low radical/oxidant concentrations that may be present within plaques, α-tocopherol can also act as a pro-oxidant. The antioxidant activity of α-tocopherol is dependent on the tocopheroxyl radical formed in the neutralising of a lipid peroxyl radical, going on to react with a second lipid peroxyl radical to form an unreactive tocopherylquinone. At low radical flux (low oxidant concentrations), the tocopheryl radical has time to react with PUFAs to generate a new lipid peroxyl radical before reacting with another radical in the LDL particle, while regenerating the tocopherol (99) . This tocopherol-mediated peroxidation (TMP) is self limiting as an increase in lipid peroxyl radicals causes the reaction between the tocopheryl-radical and lipid peroxyl radical to dominate so preventing the reaction between the tocopheryl-radical and the PUFAs (100).
A further limiter to this TMP mechanism is the very rapid reaction between ascorbate and the α-tocopheryl radicals discussed above with the resultant regenerated tocopherol. This TMP mechanism has been used by some to argue that tocopherol has little effect in inhibiting lipid oxidation, but this argument ignores the fact that in the absence of tocopherol, a rapid, lipid peroxyl-mediated chain reaction will occur which is faster than the TMP mechanism.
These reactions all appear to occur to a varying extent within the plasma membranes of cells and depend on the amount of phospholipid PUFA present and the concentration of ascorbate. Resistance of red blood cell membranes to peroxyl radicals is partially dependent on tocopherol (101) and the recycling of tocopherol by ascorbate (102) . As discussed in section 4, oxidation of plasma membrane lipids in U937 and THP-1 cells appears to be a minor event but is the predominant oxidative damage to HMDM cells grown in human serum (21) . With HMDM cells, tocopherol may be an important part of the cell protection mechanism, though this is as yet unconfirmed (61, 103). α-Tocopherol supplementation does not alter the HMDM cells' susceptibility to oxLDL (104) , suggesting that plasma membrane oxidation is not a significant factor in oxLDL toxicity. Though not strictly a defense mechanism, α-tocopherol supplementation of human monocytes does inhibit respiratory burst activity decreasing the level of superoxide and superoxide-derived oxidants within the plaque (105) . The mechanism appears to be an impairment to the NADPH-oxidase assembly through inhibition of the action of protein kinase C which phosphorylates the cytosolic factor p47 phox during translocation to the plasma membrane. How α-tocopherol causes these intracellular effects and whether they have anything to do with its antioxidant activity has yet to be determined. How this observation relates to the superoxide release observed with 7-ketocholesterol treated J774A.1 cells is uncertain (78) .
Though tocopherol and ascorbate are important cellular defense molecules for the macrophage, their concentration is very much influenced by dietary intake. The pro-oxidant activities of these vitamins may also set an upper limit to the concentration the body will allow and therefore the maximum radical/oxidant flux or concentration they will be able to neutralise.
Glutathione (GSH) however is synthesized and regenerated intracellularly at the expense of NADPH (Figure 3) . Intracellular protein thiols are in equilibrium with GSH, which is kept at millimolar concentrations in the cell. GSH is the key thiol controlling the redox potential and state of reduction within the cell. A number of the key enzymes in metabolism such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as well as regulatory enzymes like caspases, require key cysteine residues to be in a reduced free thiol state for activity (106, 107) . GSH levels are partially dependent on the cell's ability to maintain a metabolism that generates enough NADPH to maintain a large pool of reduced GSH.
GSH reacts rapidly with a range of oxidants including hydroxyl and peroxyl radicals and of course HOCl, which is also highly reactive with any free thiols. GSH is also the cofactor for the enzyme GSH peroxidase responsible for breaking down intracellular hydrogen peroxide and lipid hydroperoxides. It is estimated that approximately 70% of the cells total antioxidant capacity is due to the presence of free thiols, whose reduction is partially dependent on the GSH concentration (108) . Though this does sound impressive it must be remembered that the majority of researchers (including ourselves) do not control for ascorbate levels within cells grown in tissue culture so this figure may reflect protection in cell culture rather than in vivo. For example, ascorbate reduces the level of GSH loss and subsequent DNA base and protein damage in human arterial smooth muscle cells (98). However, considering the level of GSH found in a cell, and the interaction with ascorbate, it is still an essential part of the cellular defense mechanism. GSH loss appears from many studies to be one of the first indicators of oxidative stress within the cell. Whether this means it is also the first line of defense or whether it is the most reactive and susceptible to oxidants is a matter of semantics. GSH regeneration by NADPH reduction from GSSG by the enzyme GSH reductase means the cell can withstand a certain level of oxidative stress. The overwhelming of this protection through complete oxidation of the GSH, or inhibition of GSH regeneration through oxidative damage to metabolic enzymes, results in further loss of cell function and death. GSH has been suggested as the main determinant of cell death (109) . Protein oxidation and cell death in THP-1 cells treated with peroxyl radicals only becomes significant once GSH levels have almost been depleted (103) . One of the earliest cellular events in oxLDL treated U937 and HMDM cells is a rapid loss in cellular GSH though only a small 20% loss is observed in THP-1 cells (62, 76) . 7,8-Dihydroneopterin protection of the cells' GSH store seems to prevent cellular death in U937 cells exposed to peroxyl radicals or oxLDL (71, 110) . Depletion of GSH from macrophages, does not appear to trigger apoptosis but does make the cells far more susceptible to oxidative damage and cell death through peroxyl radicals, nitric oxide, and oxLDL (76, 103, 109) . Inhibition of the GSH synthesis enzyme increases the toxicity of oxLDL to THP-1 cells (111) .
Considering the importance of GSH, it is not surprising to find that exposing THP-1 cells to oxLDL or HNE (a reactive aldehyde formed during LDL oxidation (112)) or human arterial smooth muscle cells to oxLDL (97) increases cellular GSH levels, so increasing potential antioxidant protection (96) . Similarly increasing the GSH level by treatment with GSH-ethyl ester decreased mouse derived IC21 macrophage death from oxLDL induced apoptosis (113) . We have not observed this GSH increase in HMDM cells with oxLDL treatment (unpublished results).
The regeneration of the GSH does appear to become rate limiting as increasing the expression of GSH reductase using a viral vector decreases the susceptibility to the effects of oxLDL. When applied to a whole mouse, the treatment showed a significant decrease in atherosclerotic plaque size (114) . So in the case of the mouse model, oxidant induced cell death appears to be key driver in the growth of atherosclerotic plaques.
Like most thiols, GSH reacts rapidly with HOCl (79, 115) . The loss of GSH in red blood cells occurs prior to cell lysis but surprisingly GSH loss and cell lysis do not appear to be linked. HOBr causes ten times more cell lysis than HOCl, but with the same level of GSH loss (116) . However, in THP-1 and J774 cells, HOBr and HOCl are equally cytotoxic suggesting that the mechanism of action is very different between the cell types (117) . GSH is rapidly lost from endothelium cells with HOCl exposure (118) . Increasing endothelial cell GSH levels with GSH monoethyl ester decreased the damage caused by HOCl (119) . Whether of GSH levels is the central determinate of macrophage cell survival has yet to be full determined.
The balance of these protection mechanisms within macrophages in a plaque, compared to those observed in the tissue culture dish, is difficult to determine. The regeneration of tocopherol through ascorbate, which is regenerated through reduction by GSH, which in turn is regenerated by NADPH dependent GSH-reductase activity, should be a very responsive mechanism to oxidative stress in vivo (Figure 3) . The importance of cell metabolism in generating NADPH and cellular ascorbate levels requires further study to understand how and when this defense mechanism fails leading to macrophage cell death.
NEOPTERIN, 7,8-DIHYDRONEOPTERIN, AND 3HAA
Though α-tocopherol, ascorbate, and glutathione provide a considerable oxidant scavenging capacity to cells, macrophages appear to respond to inflammatory mediators by increasing their antioxidant capacity. γ-Interferon acts to prepare immune cells for inflammation. Macrophages respond to γ-interferon by various cellular changes such as increasing the NADPH-oxidase superoxide generating capacity (120, 121) . Interferon also up regulates the synthesis of two different compounds; 7,8-dihydroneopterin and 3-hydroxyanthranilic acid (3HAA). Both these compounds have antioxidant activity in vitro suggesting a role in the protection of macrophages from oxidative stress generated during inflammation (122) . 7,8-Dihydroneopterin is formed by the breakdown of GTP by GTP-cyclohydrolase (123, 124) while indoleamine 2,3-dioxygenase (IDO) catalyses the degradation of the amino acid tryptophan to a range of products including kynurenine and 3HAA (125, 126) .
Both 7,8-dihydroneopterin and 3HAA have strong antioxidant properties suggesting they may function within inflammatory sites to protect macrophages from the oxidants present. Surprisingly this response is only seen in primate (including human) macrophages as they lack sufficient expression of the enzyme 6-pyruvoyltetrahydropterin synthase. This enzyme is part of the pathway converting 7,8-dihydroneopterin-triphosphate to 5,6,7,8-tetrahydrobiopterin, the cofactor for iNOS. Thus primate macrophages do not release significant amounts of nitric oxide when stimulated with γ-interferon, but make 7,8-dihydroneopterin instead (38).
One of the oxidation products of 7,8-dihydroneopterin is the highly fluorescent compound neopterin. Plasma and urine neopterin levels have been used for a number of years as a marker of immune cell activation in a variety of diseases and conditions including allograft rejection (127) , pathogen infection (128) and autoimmune disease (129) . The rise in plasma neopterin with increasing severity of vascular disease clearly demonstrates the inflammatory nature of atherosclerosis (130) .
Neopterin and 7,8-dihydroneopterin have both been shown to have some pro-apoptotic activity in some cells (131) (132) (133) , but in macrophages, we and others found 7,8-dihydroneopterin to be a relatively good antioxidant and inhibitor of oxidant induced cell death when added at low micro-molar concentrations to the media. In solution, 7,8-dihydroneopterin rapidly scavenges peroxyl radicals (134) which is how it inhibits both copper and AAPHperoxyl radical (2,2'-azobis (2-amidinopropane) dihydrochloride) mediated LDL oxidation. In vivo this reaction may be important in slowing the rate of LDL oxidation and therefore lowering the concentration of oxLDL within plaques.
In protein solutions, 7,8-dihydroneopterin inhibits protein hydroperoxide formation by scavenging hydroxyl and aqueous peroxyl radicals (110) . With cellular proteins the picture is somewhat more complicated. As described earlier, treatment of U937 and THP-1 cells with AAPH-derived peroxyl radicals causes the formation of protein hydroperoxides, GSH loss, and cellular necrosis (21, 103) . Micro-molar concentrations of 7,8-dihydroneopterin protect U937 and THP-1 cells from this damage (71, 135) , but not HMDM cells (61). The HMDM cells, take up a considerable amount of lipid when cultured in human serum, which appears to cause lipid oxidation to predominate over protein oxidation when driven by AAPH peroxyl radicals. The failure of 7,8-dihydroneopterin to inhibit this oxidative damage is somewhat perplexing.
During LDL oxidation 7,8-dihydroneopterin effectively scavenges lipid peroxyl radicals. Iron readily catalyses the formation of lipid peroxides on U937 cells and this is also effectively inhibited by 7,8-dihydroneopterin (30). There is a specific cellular interaction occurring beyond simple radical scavenging. This difference is clearly highlighted by the fact that 7,8-dihydroneopterin inhibits oxLDL-induced loss of GSH and cell death in U937 (71) and HMDM cells (data not shown) but not THP-1 cells (71).
7,8-Dihydroneopterin also rapidly reacts with HOCl, and neutralizes this potent oxidant thus preventing cellular damage (30). Interestingly, the product of this reaction is neopterin while the product of peroxyl and hydroxyl radical scavenging by 7,8-dihydroneopterin is 7,8-dihydroxanthopterin (Figure 4) (30, 136, 137 ). The reaction with HOCl is at present the only known reaction occurring in vivo that could generate neopterin from 7,8-dihydroneopterin. This suggests that the majority of plasma neopterin measured during inflammation (both acute and chronic), originates from the scavenging of HOCl.
Though the reactivity of 7,8-dihydroneopterin in tissue culture strongly supports an antioxidant/protective function during inflammation, the inability to get macrophages to generate 7,8-dihydroneopterin above nanomolar concentration is a concern.
Studies of atherosclerotic plaque have shown total neopterin levels (7,8-dihydroneopterin + neopterin) to reach low micromolar concentrations in advanced plaques suggesting there are additional factors other than γ-interferon controlling 7,8-dihydroneopterin synthesis and release (122) .
Considerably less is known about the antioxidant activity of 3HAA. It is a potent inhibitor of macrophage mediated LDL oxidation so may also reduce oxLDL concentrations within plaques (138) (139) (140) . 3-HAA has been reported to react with AAPH-peroxyl radicals inhibiting lipid oxidation in rat brain homogenates, as well as scavenging hydrogen peroxide and chloramines (141, 142) . Whether 3HAA can protect macrophages from oxidants, including oxLDL, does not appear to have been investigated.
Interestingly, nitric oxide can effectively inhibit IDO so reducing or preventing significant 3HAA synthesis (143) . The switch from nitric oxide to 7,8-dihydroneopterin synthesis in primate macrophages may also be linked to 3HAA synthesis.
SUPEROXIDE SCAVENGING BY MnSOD
A glance at Figure 1 will show that superoxide generation is central to much of the oxidant generation within an inflammatory site. Though generated mainly in phagosomes, any superoxide that enters the cells cytosol should be removed by the large capacity of CuZnsuperoxide dismutase (CuZnSOD). The resulting hydrogen peroxide is then either broken down by catalase or GSH peroxidase. It is therefore surprising that it is not CuZnSOD that is up regulated during inflammation, but the mitochondrial MnSOD.
Tumor necrosis factor-α, interleukin-1 and in some cells lipopolysaccharide, trigger the increase in mRNA levels of MnSOD (144) (145) (146) . OxLDL treatment of mouse J-774, human Mono-Mac-6, rabbit and human monocyte derived macrophages all cause an increase in the amount of MnSOD protein detected by immunoblotting (147, 148) while gene array analysis suggests that in atherosclerotic plaques and oxLDL treated THP-1 cells, CuZnSOD is down regulated (149) (150) (151) . Hydrogen peroxide treatment also increases HMDM cell MnSOD expression (152) . Within plaques, regions of elevated cell death markers also show increased MnSOD protein (147, 149) . From this observation it was suggested that the oxidative stress which eventually caused the cell death, was the initial signal causing the cells to increase MnSOD expression. As discussed earlier, oxLDL causes an intracellular oxidant flux, either from NADPH-oxidase (150) or lipoxygenase activity (153) or the mitochondria (75) . The observed MnSOD increase could be a protective effect from this radical flux or part of the apoptosis' mechanism acting to localize the hydrogen peroxide formation to the mitochondria, without peroxynitrite formation. To further confuse this picture, oxLDL induced apoptosis in HMDM cells has also been reported to be dependent on MnSOD expression, as oxLDL induced apoptosis was inhibited by antisense oligonucleotides to MnSOD (152) . In this model the conversion of superoxide to hydrogen peroxide appears to be a necessary part of the apoptosis mechanism. Whether this hydrogen peroxide is part of a intracellular signal as the researchers argue or whether it is to remove potential reactions of superoxide is uncertain.
In complete conflict with this result the increase in MnSOD caused by sublethal exposure to oxLDL is associated with inhibition of cell death at higher oxLDL concentrations in human Mono-Mac cells (150) . Whether this actually occurs within plaques is uncertain as we have not observed this protective response with HMDM cells (unpublished results).
CONCLUSION
In this review we have summarized some of the complex and interlinked antioxidant defense mechanisms potentially used by macrophages within the chronic inflammatory site which is the atherosclerotic plaque. A number of these antioxidants are up regulated by cytokines and appear to allow macrophages to function in the presence of inflammation-generated oxidants. Atherosclerotic plaques contain a large range of reactive oxidants, many of which are generated by the macrophages themselves, either directly (i.e. superoxide) or indirectly (i.e. oxLDL). The macrophage's antioxidant system appears to be capable of neutralising this oxidative stress, yet in advanced plaques macrophage cell death is a prominent feature. Why this defense mechanism fails is uncertain. It may simply be overwhelmed by the increasing concentration of reactive material such as oxLDL, or the lack of nutrients (oxygen, glucose) to sustain cells deep within the plaque. There is a large gulf between what is seen in tissue culture and observed within atherosclerotic plaques. Though oxLDL is found within plaques it is uncertain whether it is the cause of cell death within the plaque. Markers of HOCl are also found within the plaque along with a range of reactive protein and lipid oxidation products. It is most likely that all these agents contribute to the oxidative stress within the cells. The question is: when are they produced and are they generated at sufficient quantity to cause the hypothesized reactions?
How macrophages mitigate this oxidative stress does appear to depend on their ability to synthesize and up regulate antioxidants. γ-Interferon dependent synthesis of 7,8-dihydroneopterin appears to be a potent protective system, yet in tissue culture only nanomolar concentrations can be generated while micromolar concentrations are observed within plaques. This suggests that the 7,8-dihydroneopterin produced by cells in culture is diluted by the large volume of culture medium relative to the cells or that there are other factors controlling 7,8-dihydroneopterin production within the macrophage. Whether the large levels of neopterin within plaques are due to HOCl scavenging also needs to be examined. The role of 3HAA in this system is even more uncertain as it has only been shown to inhibit cell-and metal ion-mediated oxLDL formation. Why the neopterin/7,8-dihydroneopterin system even exists is a mystery. The possible advantage of primate macrophages changing from nitric oxide production to 7,8-dihydroneopterin release and prevention of nitric oxide IDO inhibition requires further study, especially on how these two γ-interferon controlled pathways function. The role of ascorbate also needs to be addressed. Though it appears not to protect macrophages from oxLDL it may be important to the control of a range of repair and inhibitory mechanisms, many of which are outside the scope of this review.
The continued functioning of macrophage cells within the chronic inflammatory site of the atherosclerotic plaque depends on the balance between oxidants and antioxidants. Understanding this balance and how it fails within atherosclerotic plaques may provide valuable insights for future therapeutic measures. 
